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Abstract
A trend among industrial companies is to change business strategies from hardware-oriented to more service-oriented solutions, e.g. functional
product business models. In this paper, a mobility function scenario is developed and the objective is to derive a simulation-driven 
methodology for development of sustainable mobility functions. It can be concluded that mobility function solutions may create incitements for 
sustainability. When developing mobility functions, a lot of new requirements, brought about by increased product complexity, need to be 
managed by the simulation methodology. However, the proposed simulation strategy can be used to drive mobility function development.
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1. Introduction
A trend among industrial companies is to change business
strategies from hardware-oriented to more service-oriented 
solutions. One such solution, where the supplier retains
ownership of the hardware throughout the product lifecycle
and instead provides and guarantees a function, is called a
functional product (FP) business model [1, 2]. Functional 
products are typically constituted by hardware (HW) and
software (SW) together with a service support system (SSS).
Due to the complexity of the development process for a 
functional product, there is a need to communicate and share
information during the process [3]. Processes for developing
functional products including the most important constituents
have been suggested, and a framework has further been
derived for a functional product development process to
manage the FP development [4]. This framework includes 
development of hardware, software, service support system
and management of operation (MO). Selling a function 
whereby the provider still owns the hardware and the
customer pays for a function requires a lifecycle perspective 
for the provider, including design and development, support 
and maintenance, competence, risk management, finance, etc.
To manage the risks involved the provider must predict 
product availability versus cost to be able to sell the function.
A function must also be monitored to extract data in real time
[5], so the provider can deliver an agreed level of availability 
to the customer and also find root causes if problems occur
[6]. In functional product businesses, availability is one
critical property that the customer and provider must agree
upon. Therefore, a framework has been derived for prediction
of functional product availability to be used both during 
development and operation [7, 8]. In functional product
businesses, the provider is responsible for delivery of a certain
function, e.g. torque per hour, to an agreed-upon availability
and cost. Hence, the ownership of the hardware enabling the
function remains with the provider. During development, 
simulations are often conducted to verify previously proposed
designs [9]. Such verifying simulation strategies can be 
expensive, time-demanding, and also inhibiting for 
innovation. Therefore, simulation-driven design (SDD), 
which is a methodology whereby simulations are used to 
guide designers towards optimal solutions as early as possible, 
has been proposed [10]. Karlberg et al. [11] conducted a
literature review to show the research evolution of SDD and 
to identify the state of the art in SDD methodology including 
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various definitions, criteria and effects of using SDD 
approaches. Löfstrand et al. [12] claimed that the modeling 
and simulation SDD approach minimizes the cost of each 
concept and allows simulation of a number of different 
concepts before the actual work is carried out. Combining 
simulation methods, including hardware, software, service 
support system and management of operation in a SDD 
approach, improves the possibilities for functional product 
development. Measured data or estimated data are often used 
as input to reliability prediction methods. When designing 
new hardware systems, such measurement data may not exist. 
In such situations, deterministic simulations, e.g. strength 
calculations, fluid dynamics, rigid body dynamics, etc., can be 
used to derive the needed input data and concepts can be 
evaluated by means of reliability in early stages of the 
functional product development process [13]. Hardware 
systems need maintenance services to ensure the function 
over a planned lifecycle, and prediction of planned 
maintenance is crucial. Therefore, service support system 
simulation models (i.e. maintainability models) can be used to 
predict the reliability of the maintenance procedures within a 
functional product [14, 15]. The hardware system 
performance is controlled during operation by a software 
system and, therefore, simulation of the software system must 
be taken into account. Simulation system models in which 
data transmission is based on Matlab/Simulink models have 
been constructed, including signal and protocol processing 
units into hardware/software modules [16, 17]. 
Enabling prediction of reliability makes it possible to 
prevent failures, for instance, through planned maintenance. 
The reliability of individual components is superior to the 
corresponding hardware system reliability [18-20]. Reliability 
can generally be expressed as a measure of the frequency of 
hardware system or component failures, i.e. the probability of 
a hardware system or component to perform its intended 
functions under stated conditions for a specified period of 
time. Hence, the mathematical expression for reliability,
  tetR O , where O  is the (constant) hazard or failure rate 
and t is the length of the period, which is assumed to start 
from time zero [21]. Availability is a measure of the 
probability that the repairable system or subsystem is 
operating at a specified time, i.e. the proportion of time a 
system is in a functioning condition. Availability is a ratio of 
the expected value of the uptime of a system divided by the 
sum of the expected values of up- and downtime, 
A=E[Uptime]/ (E[Uptime]+ E[Downtime]). Expected up- and 
downtime can also be expressed as, E[Uptime] = Mean Time 
Between Failure (MTBF), which is a measure of reliability 
and E[Downtime] = Mean Time To Repair (MTTR), which is 
a measure of maintainability. Hence, availability is a function 
of reliability and maintainability. A framework has been 
derived for prediction of functional product availability to be 
used both during development and operation [7, 8]. In this 
framework, availability is derived by integrating hardware 
reliability models with service support system models (i.e. 
maintainability models). Lideskog et. al. [22] showed that a 
transition from hardware oriented businesses to function 
provision may create incitements for a more efficient value 
chain, thereby improving the possibilities for economic, 
ecological and social sustainability already during functional 
product development. 
In this paper a scenario in which the functional product  
incorporating the function of mobility is developed, where 
mobility is defined as the capability to transport certain 
amounts of different material per time unit. During 
development of such a mobility function, simulation 
methodologies are subjected to new requirements, since the 
development process includes more constituents than 
traditional hardware development, i.e. requires an increased 
amount of multidisciplinary interaction. There is a need to 
combine deterministic simulation methods, both in parallel 
and coupled, including hardware, software, service support 
system and management of operation, and methods for how to 
derive information needed for a functional product 
development by using a simulation-driven approach. Hence, a 
simulation methodology is needed to ensure economic, 
ecological and social sustainability already during functional 
product development. 
 
The objective for this paper is therefore to derive a 
simulation-driven methodology for development of 
sustainable mobility functions. 
 
The sustainable mobility function requires a methodology 
to handle all aspects of functional product innovation for a 
sustainable outcome. Mobility has been defined as the 
capability  to transport some amount of material per time unit. 
In the mobility function scenario, the provider owns the 
hardware and is responsible for delivering a mobility function 
at an agreed-upon availability. Hence, the provider is 
responsible for all the hardware, service support system, 
software and management of operation needed to provide the 
mobility function with a certain agreed-upon availability. 
Although, the focus in this paper is on the development 
situation, other situations such as provision are discussed to 
highlight relationships to development. 
 
2. Research method 
The research presented in this paper started of with data 
collection through a literature review and interviews at one 
industrial company. This data was used to analyse the state-
of-the-art in relevant research areas and to analyse the 
company as is situation regarding product development, 
simulation usage, business offers etc.. The interviews were 
conducted with six company representatives from diverse 
areas of expertise, i.e. component level, assembled structures, 
business’, research and development, reliability and 
availability management. The collected data from the 
interviews was a mixture of both qualitative and quantitative 
data i.e., durability of single components, product 
development process and company strategy.  
Based on the analysis of the interviews and the state-of-
the-art analysis, a mobility function to-be scenario was 
developed to highlight research gaps to be addressed. The to-
be scenario was further used to analyze the simulation 
requirements during mobility function development. Finally, 
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by analysing the requirements in the mobility function 
scenario, a simulation-driven methodology was derived.
3. Mobility function scenario
Analysis of the interviews with the company
representatives and the state-of-the-art analysis from the 
literature review indicated that a typical situation for 
industrial companies is to provide hardware products, where
the customer is responsible for the product during its lifecycle
(maintenance, repair, recycling, operation, risk, cost, etc.).
However, in order to improve the sustainability and
competitiveness, companies are moving towards more flexible 
service contracts and increased range of soft offers, i.e.
functional products. The research presented in this paper 
focuses on mobility, defined as the capability to sustainably
transport some amount of material per time unit, which is
provided as a function. In this scenario, the provider owns the
hardware and is responsible for delivering mobility at an
agreed-upon availability and cost, i.e. the provider is
responsible for the required service support system, software,
hardware and management of operation enabling mobility, 
while the customer is responsible for hardware operation. In 
Fig. 1, the proposed mobility function provision scenario is
illustrated, where construction equipment hardware (trucks,
excavators, articulated haulers, wheel loaders, etc.) is of 
particular interest.
Fig. 1. Mobility function provision
To secure the access, a pool of mobility hardware and
software which can be combined is used to customize the
mobility function. Hence, the same hardware can be used for 
different customers in diverse applications where the software
(e.g. control of transmission, engine, hydraulics, etc.) has
been optimized for that specific operation situation.
Furthermore, the mobility function provision system includes
service support which operates both at the customer site as
well as at the hardware and software pool location. In
addition, a management of operation system is used to control
the mobility function provision during the lifecycle, i.e. 
managing the logistics, service support system, spare parts,
business portfolio, software optimization, hardware
optimization, etc. Hence, by combining a hardware and
software pool with this service support system and a
management of operation, the required mobility function
availability will be achieved.
In this scenario, a simulation-driven methodology 
including both deterministic and probabilistic simulation
models and methods for the mobility function constituents
was used to converge at optimal solutions as rapidly as
possible.
Fig. 2 shows an overview of the mobility function
provision scenario expressed as an Ishikawa cause and effect
chart, where some of the important drivers are included.
Fig. 2. Ishikawa cause and effect chart
4. Simulation requirements and simulation-driven design
strategy
During development of mobility functions as described in 
the mobility function scenario, simulation methodologies are 
subjected to new requirements, since the development process
includes more constituents than traditional hardware
development, i.e. requires an increased amount of 
multidisciplinary interaction. Typical simulations of the
hardware constituent can be divided into deterministic
simulations and probabilistic simulations. Deterministic
simulations of hardware are used to predict some performance
characteristic through a defined set of parameters; these may 
include solid mechanics, fluid dynamics, rigid body 
dynamics, durability and other simulations. The probabilistic 
simulations of hardware use statistical information from
populations to predict different probabilities, e.g. reliability, 
availability, sensitivity, etc. The hardware system is often
controlled and managed by a software system, the 
performance of which can be simulated (coupled or 
uncoupled from the hardware). Different parameter setups for 
the software system affect the hardware system’s performance
and wear in various degrees. Hardware systems often need 
maintenance operations to secure availability. Therefore,
service support system simulation models (i.e. maintainability 
models) can be used to predict, e.g. mean time to repair,
which together with hardware reliability gives system 
availability.
Within the constituent management of operation, strategic
decisions are handled. Planning and decision-making is the 
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core of management of operation, where the collection of 
activities (events) in a given situation is known as a process.
Effects of activities in such processes can be predicted by use
of probabilistic simulations, i.e. discrete event simulations
[23, 24].
4.1. Simulation strategy without taking inter- and intra-
relationships into account
Depending on provided function, different requirements
are set as boundary conditions and navigate the simulations in
diverse directions. Hence, a simulation methodology is
needed to ensure that economic, ecological and social 
sustainability requirements will be fulfilled already during the
functional product development process. Fig. 3 shows an 
illustration of a possible functional product development
situation where relationships of simulations within the same
constituent (intra-relationships) as well as relationships 
between the constituents (inter-relationships) exist. In Fig. 3, 
the red stars represent a set of hardware simulations, the
yellow squares a set of software simulations, the green circles
a set of service support system simulations and the orange
triangles a set of management of operation simulations.  Each
set of simulations may have intra-relationships (blow-ups in
Fig. 3) as well as inter-relationships illustrated with arrows in 
Fig. 3 pointing in the required information flow direction (one 
way or both ways). If the inter- and intra-relationships are not 
taken into account (as illustrated in Fig. 3), which is plausible,
e.g. for actors developing the functional product constituents
separately, simulations need to be performed without verified 
information from other relevant simulations, i.e. indata need 
to be estimated.
Fig. 3. Simulation strategy with separated constituent development
4.2. Proposed simulation-driven methodology
In order to develop functional products efficiently, a
simulation-driven methodology, shown in Fig. 4, is proposed. 
Here, the different sets of simulations, within and between the
constituents, have been organized to reduce the need for in-
data estimation. When simulations require information from 
other simulations at the same stage of the functional product 
development process, the simulations are performed coupled 
and in parallel in the case of bi-directional information flow 
requirement. In the case of unidirectional information flow 
requirements, the simulations may be performed in sequence.
By this change in simulation logistics, the total time for 
functional product development using the proposed
simulation-driven methodology can be decreased (compare
Fig. 3 and 4)
Fig. 4. Proposed simulation-driven methodology
Through alignment of the simulation activities and the related
information flow, as illustrated in Fig. 4, customer needs that 
has relations in-between the functional product constituents 
(e.g. regarding sustainability) can be managed.
4.3. Mobility function example
In this example, a sustainable mobility function, i.e. the
capability to transport some amount of material/hour at an 
agreed-upon availability, as illustrated in Fig. 1, is developed.
For simplicity, this study is restricted to simulations coupled 
to mobility function availability and sustainability.
Initially, during development, a map of relevant intra- and 
inter-relationships within and between the constituents is 
derived. Intra-relationships of the mobility function
availability simulation typically regard how loads from 
different simulations (fluid dynamics, structural dynamics,
solid mechanics, etc.) are related to the durability of 
components (simulations of loads can also be coupled, e.g. 
fluid and structure interaction). Intra-relationships coupled to
sustainability include how losses are generated within each
constituent.
Inter-relationships of the mobility function availability
simulation include how the hardware reliability is related to
the support system (maintenance, storekeeping, site locations,
etc.).  The inter-relationships further include how different 
control system algorithms (software) are coupled to hardware
simulations (e.g. to generate correct component loads for 
certain operation). Another inter-relationship for mobility
function availability has to do with how the logistics are
managed, which relates to the support system simulations and
the hardware reliability simulations. Inter-relationships
coupled to sustainability include combustion gas generation,
risk analysis, total resource consumption etc. which are
related to all constituents.
When the relationships have been mapped, a simulation
logistics schema is developed to ensure that necessary indata 
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are available for each simulation. When possible, the intra- 
and inter-related simulations are further performed coupled 
and in parallel. Mobility function availability simulation 
includes inter-relationships between all constituents and also 
intra-relationships. Ideally, all constituent simulations within 
and between should be performed coupled and in parallel. As 
an example, this means that simulations of the logistics (i.e. 
how the fleet is operated) will be coupled to the support 
system reliability simulation, the hardware reliability 
simulation and the control system simulations.  
5. Discussion and conclusion 
The literature review showed that there is a trend for 
industrial companies to provide more flexible service 
contracts and increased range of soft offers, i.e. functional 
products. For such products, integrating hardware, software, 
service support system and management of operation, there 
exist few reports of simulations strategies during 
development. Therefore, a mobility function provision 
scenario  was used in this paper to develop a simulation-
driven development strategy. In this scenario, the provider is 
responsible for all constituents during the complete lifecycle 
and hence environmental issues during the product’s lifecycle, 
including development and production, maintenance and 
repair, and end-of-life product recycling. This is an incitement 
to promote ecological sustainability already during 
development of the mobility function development stage. 
Mobility function provision further increases the possibility 
for better cost control, risk analysis and more tailored and 
flexible business agreements (e.g. different hardware can be 
combined with different software to fit specific requirements). 
The customer is only responsible for vehicle operation. 
In the mobility function scenario, the provision system can be 
optimized for the total need (including all relevant customers) 
managed by the provider, which hence gives a more resource-
efficient system compared to traditional hardware trading 
(where every customer sub-optimizes for their own need). 
Minimizing the need for consumption of resources is well in 
line with the concept of social sustainability. 
Hence, a transition to mobility function provision creates 
incitements for a more efficient value chain, thereby 
improving the possibilities for sustainability. 
 
When developing mobility functions, a lot of new 
requirements, e.g. coupled to intra- and inter-relationships 
within and between the mobility function constituents, 
lifecycle sustainability, multidisciplinarity, etc. need to be 
managed within the simulation methodology. In the proposed 
simulation-driven mobility function development strategy, the 
simulation logistics is organized to be more efficient and to 
avoid estimations of indata. When possible, as in the case of 
mobility function availability predictions, simulations can be 
conducted coupled and in parallel, thereby driving the 
development to a shorter lead time. The proposed simulation-
driven methodology takes into account and manage new 
requirements, since the development process includes more 
constituents than traditional hardware development i.e., 
requires an increased amount of multidisciplinary interaction 
to combine deterministic simulation and probabilistc 
simulation, both in parallel and coupled, including the four 
constituents hardware, software, service support system and 
management of operation. Although this study is primarily 
focused on mobility functions, the proposed simulation-driven 
methodology is probably more general. To validate and 
determine the degree of generalisation of this methodology 
interviews with more companies are required as well as more 
case studies. 
Hence, it can finally be concluded that the proposed 
simulation-driven methodology can be used to develop 
sustainable mobility functions. 
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